Low-temperature methane oxidation is one of the greatest challenges in energy research. Although methane monooxygenase (MMO) does this catalysis naturally, how to use this biocatalyst in a fuel cell environment where the electrons generated during the oxidation process is harvested and used for energy generation has not yet been investigated. A key requirement to use this enzyme in a fuel cell is wiring of the active site of the enzyme directly to the supporting electrode. In soluble MMO (sMMO), two cofactors, i.e., nicotinamide adenine di-nucleotide (NAD+) and flavin adenine dinucleotide (FAD) provide opportunities for direct attachment of the enzyme system to a supporting electrode. However, once modified to be compatible with a supporting metal electrode via FeS functionalization, how the two cofactors respond to complex binding phenomena is not yet understood. Using docking and molecular dynamic simulations, modified cofactors interactions with sMMO-reductase (sMMOR) were studied. Studies revealed that FAD modification with FeS did not interfere with binding phenomena. In fact, FeS introduction significantly improved the binding affinity of FAD and NAD+ on sMMOR. The simulations revealed a clear thermodynamically more favorable electron transport path for the enzyme system. This system can be used as a fuel cell and we can use FeSmodified-FAD as the anchoring molecule as opposed to using NAD+. The overall analysis suggests the strong possibility of building a fuel cell that could catalyze methane oxidation using sMMO as the anode biocatalyst.
Introduction
Energy generation via natural gas is currently viewed as one of the most promising environmentally friendly solutions for ever-increasing energy demand. Of the several alternatives to producing energy, usage of natural gas in fuel cells seems to be the most efficient [1] . In this regard, usage of methane as a fuel in high-temperature fuel cells is well established. However, high-temperature fuel cells are limited to stationary applications. If methane is ever to be used for mobile applications, technology should be developed to utilize methane in a low-temperature environment.
Unfortunately, due to the high thermodynamic stability, activation of methane, the primary constituent in natural gas, at low temperature is technically quite challenging. Although inorganic catalysts have been attempted for lowtemperature activation [2] , the success has been limited. Nevertheless, biocatalysts, present in methanotrophs, known as methane monooxygenases (MMO), are well known for their ability to quite effectively activate and oxidize methane at low temperatures.
Enzymatic biofuel cells work on the same general principle as all fuel cells; they use a catalyst to separate electrons from a parent molecule and force these electrons to go around an electrolyte barrier through a wire to generate electric current to power an external load. The enzymatic biofuel cell uses biocatalysts derived from living cells. The enzymes that allow the fuel cell to operate must be Bimmobilized^(attached) at the anode (and at times the cathode) for the system to work efficiently; if not Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00894-018-3876-4) contains supplementary material, which is available to authorized users. immobilized, the enzymes will diffuse into the fuel resulting most of the liberated electrons not reaching the electrodes, compromising its effectiveness [3] . The overall effectiveness of all enzyme-based electrochemical devices is dependent on the ability of the molecules that attach enzymes to the electrode to successfully harvest and transport charges from the outer oxidizing point (enzyme active-site) to the inner electrode surface. Accordingly, to utilize MMO effectively in a fuel cell, the enzymes should be directly attached to the anode; however, there is a knowledge gap on how to attach MMO to an electrode and once attached the impact of active site modification on enzyme functionality.
The overall goal of this work was to computationally evaluate the feasibility of attaching MMO to a metal electrode and evaluate its functionality using docking and molecular dynamic (MD) simulations. It is surmised that MMO could be attached to a metal electrode by engineering the active site, i.e., flavin adenine dinucleotide (FAD) coenzyme to attract metal clusters (surfaces) via FeS functionalization and such modification will keep the active site functionality unfettered. This work was geared toward performing a structural analysis to identify the spatial distribution of FAD binding site(s) in correlation to NAD + and subsequently to evaluate the feasibility of utilizing FAD, modified via FeS functionalization, as an anchoring molecule to attach MMO apoenzyme to an electrode via a combination of docking and molecular dynamic simulations. The rationale here is that before attempting to fabricate a fuel cell (anode) in the laboratory, computational studies will provide valuable mechanistic insights on whether the approach of Bwiring^MMO to the electrode has any practical merit. The approach here is to compare the thermodynamic binding affinities of FeSmodified coenzymes when interacting with MMO apoenzymes so that insights could be formulated on the strength and stability of such interactions in silico before attempting fabrication of fuel cell electrodes in the laboratory.
MMO is an enzyme complex found in methanotrophs that can oxidize the C-H bond in methane and other alkanes. Although two primary types of MMO are present, i.e., soluble (sMMO) and particulate (pMMO), for this study, sMMO was chosen due to the availability of extensive structural and functional data as compared to pMMO.
The sMMO is composed of three primary subunits that comprise of a hydroxylase (a hydroxylase-bridged binuclear iron cluster, MMOH), a reductase (an NADHdependent reductase component containing both FAD and [Fe 2 S 2 ] cofactors, MMOR) and regulatory protein [4] . This multicomponent system transfers electrons from NADH through a reductase component to the non-heme di-iron center where O 2 is activated (Eq. 1) [5] .
The reductase comprises three distinct domains, a [2Fe-2S] ferredoxin domain along with FAD-and NADH-binding domains [5] . The hydroxylase is a flavoprotein consisting of three subunits of 60, 45, and 20 kDa arranged in α2β2 γ2 configuration [6] . The α subunit has a binuclear iron center where methane and oxygen interact to form methanol. Like many other multicomponent oxygenase systems, sMMO also has a component of approximately 16 kDa, regulatory protein, which acts as a controller of the methane-methanol reaction. Due to the affinity of reductase for coenzymes, reductase was chosen for the interaction studies. More information on the electron transfer mechanism of sMMO is well described elsewhere [7] .
Methods

Identification of ligand-receptor interactions and anchoring site(s)
Of the three subunits, reductase and hydroxylase offer the best sites for anchoring the MMO complex to the electrode. A key requirement of the anchoring site is that the ligand should be within the electron transport chain so that the electrons would be harvested to be routed to an external load. Additionally, the ligand docking site should be accessible such that the ligand, once attached to the electrode, would still be available for docking. Looking at other enzymatic fuel cells, the best ligands to be utilized for electron harvesting are FAD and NAD + coenzymes. This is because there are numerous examples in the literature where FAD has been modified to be anchored to electrodes in FAD-dependent oxidases [8] [9] [10] and NAD-dependent hydrogenases [11] [12] [13] often in the presence of electron mediators.
To this end, the first step was the identification of binding sites and conformations of NAD + and FAD on sMMOR. sMMOR was selected as it is reported that the methane oxidation occurs directly on this enzyme and NAD + and FAD, the probable candidates as the anchoring ligand(s) are known to interact with sMMOR.
For this evaluation, NMR structure of sMMOR from [12] Methylococcus capsulatus (PDB ID: 1TVC) was used. The NMR structure had the primary NAD + binding site(s) already resolved [5] . However, the FAD-binding sites were not. So, the first step of this analysis was to decipher the FAD-binding site(s). The approximate vicinity of the binding domain was first resolved via a docking simulation using AutoDock and verified by a more indepth molecular dynamic (MD) simulation using nanoscale molecular dynamics (NAMD).
AutoDock methodology
AutoDock® is a suite of C programs used to predict the bound conformations of a small, flexible ligand to a macromolecular target of a known structure. The technique combines simulated annealing for conformation searching with a rapid gridbased method of energy evaluation [14] .
In this work, AutoDock4 [14] was used to predict the conformations of ligand once it is docked on the receptor. For this, initially, the receptor in PDB format was loaded using AutoDockTools (ADT) graphical interface. After removal of any extraneous ligands and ions, polar hydrogens were added, and the file was saved in PDBQT format. The ligand files, when available, were downloaded from chemical databases (e.g., PubChem, ChemSpider, or eMolecules) or created from first principles using Chemisketch chemical modeling [15] . Once built, the structure was 3D optimized. Different chemical file formats were converted to PDB format as required by AutoDock using Open Babel. Open Babel is an open-source toolbox that works as a translator between different chemical source formats [16] . In this work, the structure models were initially saved in MOL2 format, which was then converted to PDB for simulations.
The ligand was prepared in AutoDock by choosing appropriate torsion centers and the number of torsions. In most cases, the default values were used. Then, the ligand file was saved in PDBQT format. Finally, the search grid was set to cover the entire molecule initially. Once the system was set, the docking conformations were evaluated using a genetic algorithm (GA). The simulation output includes a PDBQT file with top-ten docking conformations and a log file that contains thermodynamic affinity values for each conformation. The most probable location of coenzyme binding was further verified using NAMD MD simulations.
The target here was to accurately identify the coenzyme binding pocket(s) in an environment that closely resembles that the protein would encounter in the real world. To achieve this, a simulation system was set up to steer multiple coenzyme molecules to the dynamically changing receptor. sMMOR was immersed in a water sphere in the presence of the cofactor to emulate a solvent environment. The system was minimized and simulated to discern the hotspots where the cofactor would preferentially bind while the protein was still undergoing structural deformation.
Creation of protein structure files and force-field parameter files for sMMOR and cofactor
The PDB file of sMMOR (PDB ID: 1TVC) was used as the receptor proteins in the MD simulations and cofactor was the ligand. The original PDB file of 1TVC was used to build the PSF files. The procedure used to build the PSF files is given elsewhere [16] . The PSF file is developed based on the information in the PDB file while taking into consideration any chains that are missing from the NMR structure. The final PSF file is built after patches are applied to fill any missing atoms that resulted during processing of protein structure files. The force-field files of the ligands were developed to populate the ligands in the vicinity of the receptor protein and simulate their interactions. CHARMM general force fields (CGenFF) were used for cofactor ligand. The procedure used to develop force-field files is given elsewhere [16] . The force-field parameters for the FAD ligand are presented in Supplementary Information section.
NAMD simulations with cofactor ligands
The ligand binding landscape of sMMOR was initially elucidated by allowing selected ligands to interact with the enzyme via MD simulations. For this initial analysis, a set of small organic molecular probes that consists of selected concentrations of isopropanol, isobutene, acetamide, acetate, and isopropylamine was used to discern the specific affinity of the protein to these probes (i.e., active species). These small molecules possess the active sites resembling those of the cofactor. Small probes were selected (four non-hydrogen atoms), so they can diffuse rapidly and explore small and even transient pockets via the simulations. This property also helps to sample a large number of binding events, and it enables reaching equilibrium in relatively short simulation times (in this case, approximately several days to 1 week per simulation). This assessment was performed with the intention of determining any individual Bhot spots^or clusters of Bhot spots^that indicate the existence of ligandable receptors, their composition, binding affinities, and other electronic and structural features.
Initial system setup Once the structure (.psf) and coordinate (.pdb) files are available, sMMOR was solvated to more closely resemble the solvent environment. This was done by building a 6 Å water box, which is the preferred configuration due to the elongated shape of the sMMOR. The Bsolvate^plugin in visual molecular dynamics (VMD) was used for this purpose. Any counterions were added using the Bauto-ionizep lugin. Ligands were added using the Bdrugui^plugin. Next, the configuration (.conf) files required to run the NAMD simulation were prepared. Figure 1 shows the output log file and the solvation box after the system has been set up to run the NAMD simulations for a model protein.
NAMD simulations NAMD simulations were performed in the High-Performance Computing Center (HPCC) at Texas A&M University. The simulations were performed in the Ada cluster with 852 compute nodes (17,340 total cores) and eight login nodes. The output files from a NAMD simulation will include velocity trajectory (.vel), coordinate trajectory (.dcd), cell dimensions (.xsc), and log (.log) files.
NAMD simulations were done initially with~20,000 steps to minimize and equilibrate the system followed by a final 20 million steps. The convergence was checked by plotting root mean square deviation (RMSD) vs. frame number and the number of simulation steps were selected based on curve flattening. The configuration file and RMSD variation are presented under Supplementary Information.
Probe grid calculation The coordinate file, structure file, and coordinate trajectory file were used to calculate the probe grid. The Bdrugui^plugin in VMD allows setting up grid resolution (Å); contact distance (Å); hotspot free energy, dG, (kcal/mol); the number of hotspots to the cluster; lowest affinity (mM); and charge (e). Grids were calculated for different types of probes using their central carbon atoms. These grids were merged in the hot-spot analysis described below. The output files subsequent to the probe grid calculation were .dx files that store occupancy grids of each probe/ligand.
Protein surface analysis for binding hotspots and hotspot clusters The binding hotspots based on occupancy grids were calculated using the Bdrugui^plugin in VMD. This step involves selecting high-affinity probe binding spots, clustering them, and then merging them to assess high-affinity sites. Subsequent to identification of binding landscape with probes, an analogous NAMD simulation was done with the cofactor in place of the probes.
Verification studies
After the most suitable cofactor was identified, a series of simulations were performed to verify if a modified cofactor functionalized to attach to a metal electrode would bind onto the active site as anticipated. It should be noted here that based on the results from our previous investigation (Zhang, S., Karthikeyan, R., & Fernando et al.), the FAD was chosen as the ligand of choice for sMMOR anchoring. Accordingly, the methods for verifying FeSmodified FAD are described hereon. The simulations steps were as follows.
Evaluating affinity thermodynamics and binding conformations of modified FAD on sMMOR The affinity thermodynamics and binding conformations of modified FAD on sMMOR were evaluated using FAD (control), FAD-FeS, and FAD-FeS-Ag. The cofactor molecules were built in Chemsketch® software and optimized three dimensionally before being used in simulations. Energy minimization was done using the Molecular Orbital PACkage (MOPAC) program. Whenever needed, molecular formats were changed using the Open Babel software. Although Au is the standard metal used for enzymatic electrode preparation, Ag clusters had to be used as an alternative metal due to AutoDock not being able to support Au simulations. The docking simulations were done in AutoDock Vina according to the methods described above.
Evaluating the impact of modified FAD introduction on NAD +
binding For the fuel cell to work as anticipated, it is critical that once FeS-modified FAD is docked, there is adequate clearance for unfettered access of NAD + (or vice versa). It is also critical that functionalized FAD and NAD + dock such that there is a continuous path for electrons to follow. To evaluate these, NAD + docking was simulated on sMMOR already docked with FAD (control) and FAD-FeS-Ag. The docking simulations were done in AutoDock Vina according to the methods described above.
Results and discussion
Identification of ligands-receptor interactions and anchoring site(s)
Several factors have to be considered when choosing a ligand for anchoring the enzyme system. One key requirement is that the ligand should be an integral part of the electron transport chain. Accordingly, FAD and NAD + are key candidates for this. Other factors include the accessibility of the ligand to anchor onto the supporting electrode, the implications of ligand modification to overall activity and reduction potentials. The docking simulation of FAD and NAD + with sMMOR was done to decipher how accessible the ligands would be after binding. The results of the initial docking simulation of sMMOR with FAD are depicted in Fig. 2 . It should be noted Fig. 1 Output log file and solvation box after preparing a model protein system for NAMD simulations that predictions via AutoDock were in close agreement with experimental data [5] since the predicted location overlapped that in the NMR structure. The simulations predict that the most stable binding conformation of FAD would interact with arginine and tyrosine residues of sMMOR via hydrogen bonding. It is evident that FAD binds onto the canyon region that lies on the surface of the protein and thus is accessible to an external (electrode) surface.
The binding conformations and interactions of sMMOR and FAD have been introduced by Chatwood and coworkers [5] . It was disclosed that the sMMOR/FAD-binding domain is highly homologous to several other members of ferredoxin proteins like benzoate-1,2 dioxygenase reductase from Acinetobacter sp. strain ADP1. Such a homogeneity and conserved regions suggest a possible position for the FADbinding domain on the sMMOR. The FAD-binding domain in sMMOR is composed of an antiparallel βbarrel with an α-helix at one opening of the barrel. Which is located at the interface of two chains of the protein.
The conformations validated by experimentation by Chatwood and coworkers are shown in Fig. 2b [5] . It is reported that the bonding interactions between the receptor (sMMO) and ligand (FAD). According to their analysis, adenine group of FAD is held in place by hydrogen bonds involving its N6 and N7 nitrogen atoms and O3 of the ribityl moiety with or without additional stabilization by stacking of an aromatic residue in the C-terminal region of the protein. The strongest hydrogen bonding came from residue Arg62 and Glu191. This model is supported by our research work, which depicts strong hydrogen bonding between H23 of ligand and Arg62 in the receptor (Fig. 2c) .
It is evident that the binding energy is relatively low (negative), indicating that the system becomes more stable after sMMOR docked with the FAD. The low intermolecular energy shows a stable environment between the unbounded atoms between the receptor and ligand. Low internal energy also shows a high stability of the resulting system. Although the inhibitor constant (KI) value is surprisingly high, we consider it still as reasonable as other research had achieved similar values with FAD interacting successfully with its receptor [17] .
As the next step, how NAD + interacts with sMMOR was elucidated, and the docking results are depicted in Fig. 3 . It appears that NAD + would have preferred the canyon area similar with FAD's Bchoice^, even with higher affinity. This area provides a stable conformational structure for the ligand to be docked.
In terms of electron transport in the natural system (how methanotrophs metabolize methane naturally), it has been reported that the sMMO system transfers electrons from NADH through sMMOR to the non-heme di-iron center where O 2 is activated [5] . The docking simulations show that NAD + lies on the right side of FAD-binding domain, within the pocket just above the canyon where the FAD is located confirming experimental results facilitating effective electron transport from cofactors to the di-iron active site. The interaction diagram (Fig. 3c) A NAMD simulation was conducted to further clarify the location of FAD binding. The affinity assessment was performed with 50% FAD and 50% isopropanol for uncovering any clusters of Bhot spots^that FAD would preferentially bind (100% FAD was not used to eliminate saturation of the site). The results revealed 46 hot spots with affinities ranging from 0.2 kcal/mol-3.06 kcal/mol with one area where all FAD hotspots were congregated (Fig. 4a) . Transparent spheres depict cold temperatures (blue) to hot (red) denoting the relative Battractiveness^of that spot to FAD. The surface distribution of FAD and isopropanol molecules is depicted in Fig.  4b . The simulation revealed a region with a high affinity to FAD, which coincided with the receptor site predicted by AutoDock and experimental results by Lippard's groupconfirming the easy access of the site (residing to the exterior of the protein) and the feasibility of using FAD as the linker molecule.
In summary, the analysis suggested that the simulations reliably predicted binding interactions of cofactors. The overall docking and molecular dynamics simulations suggested that based on spatial distribution and binding location, FAD was the most suitable molecule to be utilized as the linker to attach the enzyme system to an electrode base. The FAD molecule is substantially larger than NAD and binds at a location that is on the exterior surface of the protein. This helps easy access of the NAD wire to an extraneous electrode.
Due to the unavailability of appropriate functional groups, FAD or NAD cannot be directly attached to a metal electrode. However, previous studies with NAD have clearly established the possibility of using Fe-S clusters to attach cofactors to metal surfaces [18] [19] [20] . Accordingly, following studies were conducted to evaluate the implications of functionalizing FAD ligand with FeS on the binding affinity on the sMMO-red receptor. 
Verification studies
For FAD to be used as a potential linker molecule to anchor sMMO to a supporting electrode, it is critical that the modified coenzyme attaches to the active site unfettered. The most stable binding conformations of a FeS-modified FAD, i.e., FADFeS, FAD-FeS-Ag, are depicted in Fig. 5 . As shown in Fig. 5 , the top three most possible conformations of FAD-FeS are highly clustered within the same pocket. It is interesting to note that besides the already existed hydrogen bonding between residues Arg62 and Glu191, the newly added [FeS] group created a pair of new bonds at Ser88 and Leu83. It is clear that adding [FeS] further strengthened binding affinity between the FAD and the receptor molecule. Dissociation constant and internal energy are also lower than that of a FAD alone.
Thermodynamic data clearly reinforce the argument that FAD-FeS forms a much stronger bond with the receptor as compared to FAD alone. Binding conformations of Ag-FeS-modified FAD on sMMOR are depicted in Fig.  5b . As can be seen, the top-three most stable conformations are highly clustered within the same pocket as before. It could be noted that conformations with FeS were slightly skewed to the left or right from the canyon; however, the introduction of Ag corrected the skewing by aligning the molecule along the canyon fitting in better agreement with experimental results (with unmodified NAD). Interestingly, Ag addition removed the extra bonds that appeared leaving existed hydrogen bonding between ligand and Arg62 and other residues. Nevertheless, the binding affinity increased as a result of FeS introduction was impacted only slightly as a result of the further introduction of Ag.
It should be noted that NAD + is an important element in the natural methane oxidation phenomena via sMMOR. Accordingly, it is critical that sulfur-and-metal-modified-FAD introduction still leaves unfettered access of NAD + to its natural binding site. 
Proposed electron transport pathway
A critical requirement for developing an electrode that can electrically communicate with the active site of a redox enzyme is the existence of a path for electrons to flow. Figure 6a depicts the FAD and NAD + conformations with the highest binding affinities in close proximity to each other that allows efficient electron transfer between molecules. A clear pathway for electron transfer in the natural system is postulated along the ridge of the folded protein covering residues 0-45. An electron ejected from NAD will be transferred to FAD and travel through the protein strand to the sMMOH subunit.
Based on the above findings, an enzymatic electrode as depicted in Fig. 7b is proposed where electrons generated by methane oxidation on the sMMOH is routed to the metal electrode via FAD-FeS in the sMMOR subunit. This is an illustration of the enzymatic electrode that is comprised of the iron-sulfur linker molecule-coenzymeapoenzyme assembly identified via molecular dynamics simulations. This novel configuration may allow possible elimination of NAD + from the system by using a catalyst that would promote oxygen reduction at the cathode such as Pt [21] , lactase, or cytochrome oxidase [22] . Enzymatic fuel cells based on cofactor immobilization have been developed for other enzyme systems including glucose dehydrogenase enzyme [23] , lactate dehydrogenase [24] , and methanol dehydrogenase [25] . However, the feasibility of using cofactors for immobilization of sMMO has never been demonstrated. The expected half reactions of a methane-oxidizing fuel cell are as follows: The fuel cell is expected to generate a theoretical open circuit voltage of − 1.07 V. If proven via experimentation that NAD + could be eliminated, a significant decrease of reduction potential is also expected. This is since electron flow from methane oxidation would have to overcome a significant energy barrier on its way to the cathode if NADH/NAD + , a molecule with a high reduction potential, is present. Although the presence of NADH as an electron donor, i.e., a biochemical fuel is common in biological systems, the need to supply NADH as a fuel is not practical in an industrial application such as a fuel cell. However, results from this computational study strongly suggest the possibility of the direct wiring of the methane-oxidizing active site to the supporting electrode via FeS-functionalized FAD eliminating the need of NAD + to put together an effective methane-consuming fuel cell.
This study is geared towards identifying a technique to tether methane-monooxygenase (MMO), the enzyme critical for the first step of the methane oxidation process, to an electrode. Tethering the enzyme effectively along with a coenzyme to an electrode is critical to developing a fuel cell. The objective of this study is to present a molecular dynamics (MD)-guided technique to achieve the enzyme-electrode assembly as a prelude to future development and testing of such electrodes.
Conclusions
Docking studies coupled with molecular dynamics simulations identified FAD to be a feasible linker molecule that could attach sMMOR to silver (Ag) electrode. FAD modification with FeS that was done to facilitate FAD attachment to a metal surface did not interfere with binding interactions. In fact, FeS introduction significantly improved the binding affinity of FAD on sMMOR as compared to unmodified FAD. FeSmodified FAD did not interfere with NAD + binding either. Thermodynamic studies indicated an improvement of NAD + binding affinities on sMMOR with the introduction of a FeSmodified FAD. The simulations revealed a clear path of electron transport from NAD + via FAD and residues 0-40 within sMMOR. The analysis revealed a shorter, thermodynamically more favorable return path if the enzyme system is used as a fuel cell using FeS-modified-FAD as the anchoring molecule. The overall analysis suggests the strong possibility of building a fuel cell that could catalyze methane oxidation using sMMO as the anode biocatalyst.
eeeea b Fig. 7 Binding conformations of NAD + and FAD along with the a natural and b proposed electron transport pathways
